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INTRODUCTION
The Rivera Ocean Seismic Experiment (ROSE) is a multiinstitutional study of the structural evolution of young oceanic crust and mantle and of the structure and tectonics of an active transform fault [Wilson, 1965] using a large network of ocean bottom seismometers (oas) and ocean bottom hydrophones (OBH) [Ewing, 1979] . The field work for Project ROSE consisted of two phases during January to March 1979. In Phase I a number of seismic refraction lines were shot both parallel and perpendicular to isochrons on 0-to 4-m.y.-old seafloor near the East Pacific Rise at 11 o to 13 °N latitude. Phase II consisted of a predominantly passive survey of microearthquake activity on the Orozco transform fault and adjacent rise axis areas. Groups from 12 institutions, including the University of California at San Diego and at Santa Bar
Thomas Thompson, USNS De Steiguer, USNS Hayes).
A total of 67 ocean bottom seismometers and hydrophones as well as several hydrophone arrays were deployed, and several multichannel seismic lines were also run. This paper presents the preliminary locations of the largest microearthquakes recorded by the oas and OBH array in the Orozco Fracture Zone during phase II of ROSE.
The Orozco transform fault, at approximately 15.25°N latitude, offsets the East Pacific Rise left laterally by about 90 km (Figure 1 ). The local spreading rate is 49 mm/yr (half-rate) with an azimuth ofN85°E, based on the Cocos-Pacific pole of Minster and Jordan [1978] . Thus the maximum age contrast across the transform is about 2 m.y. at present. The large-scale topographic manifestation of the Orozco Fracture Zone (Figure I) belies this modest offset and is a reflection of a past tectonic configuration. The complicated bathymetry to the west of the current spreading center has been interpreted to contain the signature of a number of eastward jumps of the spreading center [Sclater eta/., 1971; Lynn and Lewis, 1976] . Before a proposed jump 4-5 m.y. ago, the Orozco Fracture Zone may have marked the boundary between the Rivera and Pacific plates, a role currently played by the Rivera Fracture Zone [Kiitgord and Mammerickx, 1979] .
A number of microearthquake surveys in oceanic transform fault and ridge crest areas have been conducted with sonobuoys and with ocean bottom seismometers [Francis and Porter, 1973; Reid and Macdonald, 1973; Spindel et a/., 1974; Macdonald and Mudie, 1974; Prothero eta/., 1976; Reichle eta/., 1976; Reichle and Reid, 1977; Solomon eta/., 1977; Francis eta/., 1977 Francis eta/., , 1978 Lilwa/1 et a/., 1977 Lilwa/1 et a/., , 1978 Johnson and Jones, 1978; Jones and Johnson, 1978] . Because all such previous studies have been conducted with at most a few stations, the epicentrallocation capabilities have been quite limited, and the focal depth resolution generally poor. Thus the detailed relationship between epicenter locations and specific physiographic features has often been suspect, and the important information from focal depths on deep thermal and mechanical structure has typically been absent in such surveys. Project ROSE is unprecedented in the large number of ocean bottom stations deployed in concert for a dedicated experiment of oceanic earthquake characterization. Because of the large OBS and OBH network the epiPaper number 80B I528. 0148-0227 / 81/ 080B-1528$0 1.00
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central locations, focal depths, and other source parameters of the earthquakes recorded during ROSE phase II are unusually well constrained. Fifty-two earthquakes which occurred during the 2-week period from February 27 to March 13 have been located using arrival times from the OBS and OBH network during the second phase of ROSE. All of the well-located events are within what one would expect to be the active portion of the transform, and many are clearly associated with topographic features. More detailed analysis of our data and discussions of the tectonic significance of our findings will be presented in later publica lions.
DATA
Data from 26 instruments belonging to 8 institutions were used for the locations. The important features of these instruments and their geographic coordinates during deployment are summarized in Tables Ia and lb . This data set represents approximately two thirds of the instruments operating during the second phase of the ROSE project. Figure 2 shows histograms of the number of events per 12-hour period observed by these instruments. P-wave arrival time readings were obtained from all stations; S-wave arrival times could only be picked to the desired accuracy from those stations equipped with two horizontal components.
Depth corrections were calculated to normalize all stations to a water depth of 3000 m. A P-wave velocity of 6.5 km/s was assumed in making this correction, and S-wave arrival times were corrected by assuming a ratio of P-wave to S-wave velocity of 1.75. All times were also corrected for clock drift assuming a constant drift rate during the time of deployment. Total clock drift over a period of a month was on the order of 0.25 seconds for most instruments.
Reading errors in picking the arrival times were less than 0.04 s for most of the events and most of the instruments. Possible nonsteady clock drift and errors in the instrument location, however, increase the effective arrival time errors to about 0.08 s when the whole network is considered.
LOCATION METHOD
Earthquakes were located using the computer program HY-POINVERSE developed by the U.S. Geological Survey [Klein, 1978] . The nonlinear nature of the earthquake location problem is well known, as is its linear approximation in the form Table I . Histograms for all instruments providing readings for this study are included and are stacked from top to bottom in order of decreasing latitude. The hatched area represents all events reported for the instrument, whereas the solid area represents only tho&e earthquakes located in this study and listed in Table 3 . No arrival times from T13 were used for the locations. The great number of events reported from the WHOI instruments is partly an artifact of the method of defining an 'event.' For the continuously recording WHOI instruments, any discrete event with a maximum amplitude of at least twice the background noise level was defined as an event; for many of these it is impossible to pick a first arrival. For the other instruments, only those events whose arrival time had been determined were included. Note also that instruments SBI, SB2, T2, and T14 recorded many, presumably very nearby events which were not recorded by enough instruments to permit a location to be calculated. Johnson eta/. (1977] Koelsch and Purdy (1979] the residual from the previous iteration. This provision is useful for pointing out arrival time readings which are grossly in error, such as in the case of a misidentification of phase. For the first iteration, P-wave arrival times were assigned a weight of 1. To compensate for larger arrival time reading errors combined with the inherently greater importance of these readings toward the solution, S-wave arrival times were weighted by a factor of 0.75. A complete description of the location program is given by Klein [1978] .
The assumption that [A] is known implies that the velocity structure is known. We assumed that the P-wave velocity structure was a stack of 9 homogeneous, fiat layers approxi- In the instrument identifications the letters refer to the institution abbreviations of Table Ia , and the numbers to each institution's numbering scheme. The 'primed' WHOI identifications correspond to the position of each instrument after being redeployed. Because the tape capacity of the WHOI instruments is about 8 days, most were retrieved and redeployed midway through phase II. mating a two-layer crust with velocity gradients in each layer (Table 2 ). This structure was based on the results obtained from line B of Orcutt et al. [1976] and line 57 of Lewis and Snydsman [ 1979] , refraction profiles shot parallel to the spreading center to the south of the ROSE study area at 9°N and 13.5°N on crust with ages of 2.9 and 0.4 m.y., respectively. The S-wave velocity model was obtained from the Pwave model assuming a P-wave to S-wave velocity ratio of 1.75.
EARTHQUAKE LOCATIONS
The hypocentral parameters of the earthquakes located during phase II of ROSE are presented in Table 3 . All events located with a root-mean-squared residual of less than 0.25 s are included. Although data from 26 stations were used, no event was recorded by all stations. Thirteen earthquakes were located using at least 15 arrival time readings. Most locations calculated from only four or five readings are supported by temporal and spatial association with a larger, well-located earthquake and by a P-S arrival time interval in agreement with that measured on the MIT instruments. An initial hypocenter close to the station reporting the earliest arrival was assumed. The locations were calculated twice, starting from initial depths of 5 and 12 km. For most events the two initial hypocenters converged to the same solution. For a few events, however, two different depths were obtained. An examination of the behavior of the root-mean-squared residual with depth when locations were calculated for a series of fixed depths from 2 to 20 km indicated that this behavior could be attributed to a constant residual with depth over an interval around one of the initial depths. In these cases the solution giving the smaller residual was chosen; with the exception of four events (March 2, 1300 hours; March 2, 1721 hours; March 3, 1724 hours; March 4, 2010 hours) this was the shallower solution.
The axes of the covariance matrix of the hypocentral solution define the 32% confidence ellipse of the solution to the linearized problem. The 95% confidence ellipse can be obtained by multiplying the axis lengths by 2.4. Because the problem is not linear, these ellipses provide only a qualitative measure of the precision of the location. The projections of these axes onto horizontal and vertical planes through the hypocenter are listed in Table 3 as measures of the horizontal and vertical errors in the solution. Only the larger of the two horizontal errors is listed. These formal errors suggest that most of the earthquake locations are precise to within I or 2 km in the horizontal direction and point out those events for which the Raitt [1963] resulted in a change in the calculated hypocenter of less than I km horizontally and less than 2 km vertically for most events.
Although most of the earthquakes were not detected by all of the instruments, the large number of instruments deployed during ROSE was useful for two reasons. It obviously extended the spatial extent of the area of good hypocentral resolving power of the network compared to the much smaller networks of instruments used in earlier studies. Equally importantly, however, the large number of stations led to the detection of errors in data processing which might otherwise have been undetected and would have therefore led to erroneous locations. An examination of the residuals at each station for those events located using 18 or more arrivals revealed systematic trends which could be traced to errors in the clock drift correction for a few instruments. Small events located using only 4-6 arrival times including these erroneous data often seemed to be well located (as indicated by small root-meansquared residuals and covariance ellipses) when actually their locations were in error by several kilometers.
The calculated epicenters are superimposed on a map of the local bathymetry in Figure 3 . The bathymetric map includes data obtained during Project ROSE and indicates a complex tectonic environment. The transform fault is marked by a 90-km2 area of dramatic topography. Most of the earthquake activity was localized in two areas and is visibly related to topographic features.
About one half of the earthquakes located occurred in the northwestern portion of the transform area and were aligned along a long, narrow trough with a strike of N80°E. That this trend probably represents the current spreading direction is supported by the predicted Cocos-Pacific spreading direction [Minster and Jordan, 1978] , by nearby magnetic anomalies [Kiitgord and Mammerickx, 1979] , by a teleseismic study of a large (mb = 5.1) event from the transform (A. M. Trehu, work in progress, 1981 ), and by the trend of anisotropy beneath a possible low-velocity zone in the upper mantle (G. M. Purdy, work in progress, 1981 ) . During the period of the experiment, activity was distributed along the length of the trough. During March 1-4, activity occurred at the eastern and western extremities of the trough. Following a period of quiet during March 5-7, a main shock-aftershock sequence occurred near the center of the trough on the afternoon of March 8.
These events seem to have occurred over a broad range of depths. The calculated locations of many of the events from the westernmost end of the trough indicate a source in the upper mantle, whereas the events of the March 8 sequence seem to have been very shallow, within the upper crust. This interpretation is supported by the observation on the seismograms obtained by the MIT instruments of what is interpreted to be a mantle refraction as the first arrival from the largest events of March 8. This phase cannot be observed from the events at the westernmost end of the trough. Confirmation of these depth determinations will require a reexamination of the records in an attempt to identify characteristics diagnostic of the source depth. The calculated depths might also be a consequence of the simple layered velocity model. The polarity of the first motion observed on the MIT, WHOI, Lamont, Ha- Latitudes and longitudes are in degrees and minutes N and W, respectively; nor, number of readings; mag, maximum azimuthal gap; des, distance to closest station; rmsr, root mean square residual; erh, horizontal error (from projection of error ellipse onto horizontal plane); erd, depth error; pcd, poor depth control (as indicated by an eigenvalue of (A)1ess than 0.016, corresponding primarily to the h ypocentral adjustment in depth); the error ellipses are at 32% confidence.
waii, and Texas instruments for the events from this northern mic activity during the experiment. Several of the events from area are consistent with right lateral strike slip motion along this area do not bear any obvious relationship to the topografaults parallel to the trough. phy (e.g., March 2, 0523 hours; March 5, 1010 hours). The The second concentration of microearthquake activity is depths indicated for these earthquakes are quite scattered and southeast of the first and is associated with two topographic some events may have been subcrustal. One event in particutroughs, one trending approximately east-west and the other lar (March 2, 0523 hours) was recorded throughout the array trending north-south. The distribution of epicenters displays a and consistently yields ail apparently well constrained depth broad north-south trend. Most of the events were clustered at of about 12 km below seafloor. The first-motion radiation patthe intersection of the two troughs. The southern, deepest part terns from the largest of these events do not permit a simple of the north-south trending trough did not manifest any seis-determination of the source mechanism, at least not with the Fig. 3 . Stations (triangles) and earthquakes (large dots represent events located using at least 10 readings, small dots represent events located using fewer than 10 readings) fro m phase II of ROSE superimposed on the local bathymetry of the active portion of the Orozco Fracture Zone. Geographical coordinates of the instruments are listed in Table I , a nd hypocentral parameters of the earthquakes are given in Table 3 . The bathymetric map is a preliminary map constructed by J. Mammerickx including data obtained by the R/V Conrad and R/Y Kana Keoki during phase II of ROSE. Contours are in corrected meters; the contour interval is 100m. The axis of the East Pacific Rise to the north and south of the fracture zone is at longitudes of 105°20' and 104°20', respectively. The main shock-aftershock sequence of March 8 was located a t approximately I5°24'N, l05°06'W . data currently available. They do not, however, appear to be consistent with simple strike-slip motion.
Of the events for which arrival times are presently available from four or more instruments, only two (March 5, 0058 hours; March 14, 1107 hours) seem to have been outside of the active transform zone. Because these two events occurred well outside of the station network, errors on the hypocentral coordinates are probably larger than those listed in Table 3 , and we cannot say whether or not these events were associated with the Orozco Fracture Zone. Station Tl4, located near the axis of the East Pacific Rise, recorded many near earthquakes (with S-P times less than 2 s), but none of these events were large enough to have been located by the network.
CONCLUSIONS
I. Project ROSE has yielded a data set on oceanic microearthquakes unique in the number of independent recordings of the larger events and in the extent to which epicentrallocations, focal depth, and other source parameters may be quantitatively characterized. The experiment has also demonstrated the power of redundancy in an OBS and OBH network.
2. In the Orozco Fracture Zone during the period February 27 to March 14, 1979 , some 50 microearthquakes were recorded by enough stations in the ROSE network to determine preliminary hypocentral locations and origin times. Of the well-located epicenters, all lie within the active portion of the Orozco transform fault.
3. Roughly one-half of the earthquakes were aligned along a long narrow trough that extends at N80°E azimuth from the northern rise crest intersection. The strike of the trough and first motions from these events support the hypothesis that these earthquakes occurred by strike-slip faulting with slip in the direction of relative motion of the Cocos and Pacific plates. Well-constrained focal depths for these events range from very shallow to subcrustal; the nominal depth range is 0 to 17 km.
4. Most of the remaining earthquakes occurred in a topographically complicated region in the central transform, an area that may owe its complexity to one or more spreading pole changes and ridge jumps in this part of the Pacific in the last few million years. While some of these events are closely associated with topographic features, others are not, and there is no clear lineation of epicenters in the direction of predicted plate motion. Well-constrained focal depths for this second group of earthquakes also range from 0 to 17 km.
5. The preliminary hypocentral locations of Orozco fracture zone microearthquakes reported here will form the basis for further, more detailed studies by ROSE investigators of earthquake source properties and of the propagation characteristics of earthquake-generated phases.
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